The complete nucleotide sequence of the genomic RNA of an aphid-infecting virus, Aphid lethal paralysis virus (ALPV), has been determined. The genome is 9812 nt in length and contains two long open reading frames (ORFs), which are separated by an intergenic region of 163 nt. The first ORF (5h ORF) is preceded by an untranslated leader sequence of 506 nt, while an untranslated region of 571 nt follows the second ORF (3h ORF). The deduced amino acid sequences of the 5h ORF and 3h ORF products respectively showed similarity to the non-structural and structural proteins of members of the newly recognized genus Cripavirus (family Dicistroviridae). On the basis of the observed sequence similarities and identical genome organization, it is proposed that ALPV belongs to this genus. Phylogenetic analysis showed that ALPV is most closely related to Rhopalosiphum padi virus, and groups in a cluster with Drosophila C virus and Cricket paralysis virus, while the other members of this genus are more distantly related. Infectivity experiments showed that ALPV can not only infect aphid species but is also able to infect the whitefly Trialeurodes vaporariorum, extending its host range to another family of the order Hemiptera.
Introduction
Aphid lethal paralysis virus (ALPV), an aphid-pathogenic virus, was first identified and characterized in South Africa (Williamson et al., 1988) . The incidence of ALPV was associated with rapid decline of the population of the major aphid species colonizing small grains under natural conditions (Laubscher & von Wechmar, 1992 . Although ALPV is biologically well characterized, molecular data are not available. Virus particles are isometric, with a diameter of 26 nm, and contain a 9n7 kb single-stranded positive-sense RNA molecule (Williamson et al., 1988) . The capsid is constituted by three major polypeptides, of 34n4, 32 and 31n2 kDa, and a minor one of 40n8 kDa (Williamson et al., 1988) . On the basis of its biophysical and biochemical properties, ALPV was previously classified as a picorna-like virus (Williamson et al., 1988) , as are many other insect RNA viruses.
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Since the molecular characterization of Acyrthosiphon pisum virus (van der Wilk et al., 1997) , the nucleotide sequences of the genomes of several insect RNA viruses have been determined (Johnson & Christian, 1998 ; Moon et al., 1998) . The availability of molecular data has enabled a new classification of insect picorna-like viruses. While Infectious flacherie virus (Isawa et al., 1998) and Sacbrood virus (Ghosh et al., 1999) have a genomic organization that resembles that of mammalian picornaviruses, Acyrthosiphon pisum virus could not be classified in any recognized taxon. Genome sequence analysis has shown that most of the insect RNA viruses belong to the genus of Cricket paralysis-like viruses (Christian et al., 2000) , recently renamed Cripavirus (family Dicistroviridae) (Mayo, 2002) . Whilst there is sequence relatedness between these viruses and the mammalian picornaviruses, there are also some fundamental differences. The genome of mammalian picornaviruses consists of a positive-strand RNA containing a single large open reading frame (ORF) that encodes the capsid precursor in its 5h end and the non-structural protein precursor in its 3h part (Minor et al., 1995) . In contrast, the genome of the dicistroviruses contains two ORFs that are separated by an intergenic region (IGR). The non-structural proteins are encoded in the 5h ORF and the capsid proteins are encoded in the downstream ORF. Moreover, it has been shown for Rhopalosiphum padi virus (RhPV), Plautia stali intestine virus (PSIV) and Cricket paralysis virus (CrPV) that translation of ORF2 is capindependent Sasaki & Nakashima, 2000 ; Wilson et al., 2000a) . In these three viruses, the non-coding region upstream of ORF2 functions as an internal ribosome entry site (IRES) that contains a pseudoknot that directs translation initiation at a non-AUG codon. Two other viruses, Drosophila C virus (DCV ; Johnson & Christian, 1998) and Triatoma virus (TrV ; Czibener et al., 2000) , harbour nucleotide sequences highly similar to the IRES of PSIV, RhPV and CrPV, suggesting the presence of an IRES for these viruses as well. ALPV is serologically related to CrPV (Williamson et al., 1988) and is possibly a member of the Dicistroviridae, like Acute bee paralysis virus (ABPV ; Govan et al., 2000) , Himetobi P virus (HiPV ; Nakashima et al., 1999) , Taura syndrome virus (TSV ; Mari et al., 2002) and Black queen cell virus (BQCV ; Leat et al., 2000) .
In this paper, the complete nucleotide sequence of the ALPV genomic RNA is reported. Analysis of the sequence revealed the presence of two ORFs. The non-structural proteins were mapped in the 5h ORF, while the 3h ORF encoded the capsid protein subunits. It is concluded from the genomic organization that ALPV is a member of the Dicistroviridae. Phylogenetic analysis of the putative non-structural polyprotein and capsid proteins enabled the classification of ALPV among members of the Dicistroviridae. In addition, infectivity studies showed that the occurrence of ALPV was not restricted to aphid hosts, and the virus could also infect a member of the family Aleyrodidae.
Methods
Virus purification and RNA isolation. Initial infections of nymphs of Rhopalosiphum padi (family Aphididae) were established by feeding on an ALPV-containing diet for 2 days. Purified ALPV was a kind gift of M. B. von Wechmar (University of Cape Town, Rondebosch, South Africa). After 2 days, the infected aphids were transferred to Avena sativa plants at 22 mC with a photoperiod of 16 h per day. Virus was purified essentially as described for Acyrthosiphon pisum virus (van den Heuvel et al., 1997) . Genomic RNA was extracted from the purified virus by using the RNeasy Total kit (Qiagen), according to the manufacturer's instructions. The integrity of the viral RNA was verified by denaturing agarose gel electrophoresis (Sambrook et al., 1989) .
Northern blot analysis. Total RNA from 100 mg of healthy and ALPV-infected aphids was isolated by employing the Plant Total RNA kit (Qiagen), according to the manufacturer's instructions. In order to detect specific ALPV sequences, 16 µg of the purified RNA was separated on a 1 % agarose gel containing formaldehyde (Sambrook et al., 1989) , transferred to a Hybond-N membrane (Amersham) and probed with a 720 nt radiolabelled cDNA fragment (nt 9092-9812 of the ALPV genome).
Synthesis and cloning of cDNA. Synthesis of cDNA was carried out by priming with oligo(dT) primers using the SuperScript System (Gibco-BRL) according to the supplier's instructions. The double-stranded cDNA fragments were ligated in the EcoRI site of the λZAP II vector (Stratagene). The ligation mixture was used to transform Escherichia coli host strain XL-1 Blue MRF'. Identification and isolation of recombinant clones was done by following standard procedures (Sambrook et al., 1989) .
The cDNA of the 5h-terminal sequence of the ALPV genomic RNA was synthesized by RT-PCR using a 5h RACE kit (Gibco-BRL). The tailing reaction in the RACE procedure was performed with TdT and dCTP. PCR fragments were cloned using the TA cloning kit (Invitrogen), according to the manufacturer's instructions.
Sequence determination. Nucleotide sequencing was performed with an Applied Biosystems model 373 automated sequencer, employing a sequencing kit with AmpliTaq DNA polymerase (Applied Biosystems) and universal and ALPV sequence-specific primers.
The sequence of the ALPV genomic RNA was determined by sequencing both strands of three independently obtained, overlapping cDNA clones covering the whole genome, and was confirmed by sequence analysis of another three cDNA clones on one strand. RT-PCR was carried out to amplify a 300 nt region to elucidate the beginning of the first ORF. Fragments were cloned and four of the clones obtained were analysed. The primers used in the RT-PCR procedure were identical to nt 392-412 and complementary to nt 707-727 of the ALPV genome.
Computer analysis of nucleic acid and deduced protein sequences. All computational sequence analysis was done using the Wisconsin package version 10.1 [Genetics Computer Group (GCG), Madison, WI, USA] and the  suite (Altschul et al., 1990) . Multiple alignments were performed with  (Thompson et al., 1994) . Phylogenetic trees were constructed using the neighbour-joining method (Saitou & Nei, 1987) . For each tree, confidence levels were estimated using the bootstrap resampling procedure (1000 trials). The sequences (with accession numbers) used in the alignments were : DCV (AF014388), PSIV (AB006531), Cowpea mosaic virus (CPMV ; P03600, X00729), RhPV (AF022937), BQCV (AF183905), HiPV (AB017037), CrPV (AF218039), TrV (AF178440), ABPV (AF150629) and TSV (AF277675).
Infection experiments.
Membrane feeding experiments were carried out for inoculation with ALPV of small-grain aphids (Rhopalosiphum padi, Schizaphis graminum and Metopolophium dirhodum), the green peach aphid Myzus persicae and the whitefly Trialeurodes vaporariorum. Aphid nymphs and adult whiteflies were allowed to feed on a 15 % sucrose diet containing 0n01 and 1 mg\ml, respectively, of purified ALPV. Aphids and whiteflies feeding on a virus-free diet served as negative controls. After an acquisition period of 24 h, nymphs of R. padi, S. graminum and M. dirhodum were transferred to Avena sativa plants. M. persicae nymphs and adults of T. vaporariorum were respectively transferred to plants of Brassica oleracea and Phaseolus vulgaris. The presence of the virus was assayed 10 days later by double-antibody sandwich (DAS)-ELISA using two aphids or ten whiteflies per sample. Samples of 30 µl of the virus-free diet and of the diet containing 1 mg\ml ALPV were respectively used as negative and positive controls. Specific antibodies directed against ALPV were used to detect the virus in the samples. Moreover, the presence of the viral RNA within whiteflies was checked by RT-PCR. The total RNA of ten mock-inoculated or ten ALPV-inoculated whiteflies was extracted using the RNeasy Total kit (Qiagen) according to the manufacturer's instructions. Ten µl of the total RNA obtained (diluted to 30 µl final volume) was used in an RT-PCR procedure with specific ALPV primers. Primers sequences were as follows : upstream primer ALPV1 (5h ATCTTCGCAGTGTTATTGGC 3h) ; downstream primer ALPV2 (5h GGAATAGCATCTAAGGGTTC 3h). PCR products obtained were analysed on agarose gels.
Results

Infection experiments
ALPV was originally isolated from the small-grain aphid R. padi and has been shown to infect a wide range of grain aphid species (Laubscher & von Wechmar, 1993) . In this study, we have investigated the host range of ALPV. To this end, the small-grain aphids R. padi, S. graminum and M. dirhodum and the green peach aphid M. persicae were allowed to feed on ALPV in feeding experiments using an artificial diet mixed with virus. Moreover, to determine whether the host range of ALPV extends beyond the family Aphididae, whiteflies (T. vaporariorum) were inoculated by feeding experiments. Whiteflies belong to the Aleyrodidae, another family of the order Hemiptera.
At a concentration of 0n01 mg\ml purified virus, 50-60 % of R. padi aphids inoculated became ALPV-infected when tested by ELISA after 10 days. The other aphid species tested, S. graminum, M. dirhodum and M. persicae, also became infected after membrane-feeding experiments (Table 1) . Surprisingly, adult whiteflies could also acquire the virus from a diet containing 1 mg\ml purified ALPV. ALPV was still present in the whiteflies 10 days later when assayed by ELISA (Fig. 1) . It is most likely that the whiteflies became infected with ALPV, since the viral RNA was still present in the insect 10 days after the end of the feeding period, as shown by RT-PCR (Fig. 1) .
Nucleotide sequence
The nucleotide sequence of the ALPV genome was obtained from six overlapping cDNA clones. Each nucleotide was determined from at least two independent clones. The size of the genome was 9812 nt, excluding the poly(A) tail, which is consistent with the predicted size (9n7 kb) of the viral RNA determined from agarose gel electrophoresis (Williamson et al., 1988) . The 5h end of the genomic RNA was determined by a 5h RACE procedure and subsequent sequence analysis of five independently obtained clones.
The base composition of the entire genome is A (31n2 %), U (30n2 %), C (19n4 %), G (19n2 %). ALPV therefore resembles dicistroviruses and other insect picorna-like viruses.
Table 1. Results of infection of aphid species with ALPV
Aphids were fed on a diet containing 0n01 mg\ml purified ALPV. Infection was determined by DAS-ELISA.
Species
Infection by ALPV Rhopalosiphum padi j Metopolophium dirhodum j Schizaphis graminum j Myzus persicae j Fig. 1 . ELISA and RT-PCR on whiteflies. Sample groups : Dk, 15% sucrose virus-free diet ; Dj, 15 % sucrose diet containing 1 mg/ml purified ALPV ; Wk, whiteflies feeding on a 15 % sucrose virus-free diet ; Wj, whiteflies feeding on a 15 % sucrose diet containing 1 mg/ml purified ALPV.
Some 87 % of the genome encodes two large ORFs, which are located on the same positive RNA strand but not in the same reading frame (Fig. 2) . The other 13 % of the genome consists of untranslated regions (UTRs). These UTRs span positions 1-506 of the 5h end (5h-UTR), the last 571 nt of the 3h end (3h-UTR) and the IGR (162 nt). In both the 5h-UTR and the IGR, three stem-loops were identified using the program  (Jacobson & Zuker, 1993) , respectively between nt 300-493 and nt 6660-6802. Sequence comparison revealed that the IGRs of the different members of the Dicistroviridae and ALPV were well conserved (Fig. 3) , whereas no sequence similarity could be detected in the 5h-UTRs of the viruses. The IGR of ALPV shared 66 % sequence identity with the equivalent region of DCV and 64 % with the IGR of RhPV. Moreover, a 5 nt inverted repeat sequence previously noted in other dicistroviruses was also present in the ALPV IGR. The first part of this inverted repeat sequence (located 20 nt upstream of the capsid coding region) is part of a loop in a stem-loop structure, while the second part of the inverted repeat is probably part of the first codon of the second ORF (CCU), as demonstrated for CrPV (Wilson et al., 2000a) , PSIV and RhPV .
Non-structural polyprotein
The first ORF (5h ORF) is located between positions 507 and 6647. The first AUG codon, present at position 540, leads to the translation of a polypeptide with a molecular mass of 230n7 kDa. However, in one of three cDNA clones analysed, a U was present at position 510 instead of a C, resulting in an AUG start codon. The presence of this start codon in the same reading frame as the 5h ORF leads to a shift of the start of this ORF to position 510. To elucidate the beginning of the coding region, the nucleotide sequence of this region was determined from four independently obtained RT-PCR fragments. Three of the four PCR fragments contained a C at position 510, and only one clone contained a U residue. Therefore, it was concluded that the start of the 5h ORF is probably at position 540. However, it can not be entirely excluded that the start of the 5h ORF is at position 510.
The deduced amino acid sequence of the ALPV 5h ORF was compared with entries in protein sequence databases. This revealed the highest similarity to the non-structural proteins of RhPV, DCV and CrPV (respectively 38, 33 and 29 % identity). Sequence similarity was also found to the non-structural proteins of the Picornaviridae, Sequiviridae and Caliciviridae. Motifs characteristic of helicases, 3C-like proteases and RNAdependent RNA polymerases, conserved among the Picornaviridae, Comoviridae, Sequiviridae and Caliciviridae (Koonin & Dolja, 1993) , were identified in the 5h ORF product of ALPV (Fig. 2) .
The N-terminal region of the 5h ORF product (aa 400-800) contained conserved motifs characteristic of helicases and showed 67 % identity to the putative helicase domain of RhPV. Two (A and B) of the three motifs conserved in helicase domains were recognized (Koonin & Dolja, 1993) . Motif A, with the consensus sequence GX % GK (aa 569-576), which is proposed to be responsible for nucleotide binding (Gorbalenya et al., 1989) , and motif B, WDGY (aa 612-615), were highly conserved in the putative 5h ORF product of ALPV.
A region similar to the conserved domain of 3C-like proteases was detected in the 5h ORF product (aa 1200-1500). The core motif, GXCG, was identified at residue 1411 of the putative ALPV 5h ORF product. However, the RNA-binding region of picornavirus 3C proteases (KFRDI ; Ryan & Flint, 1997) was not detected.
In the C-terminal region of the putative 5h ORF product (aa 1550-2000) , the conserved motifs of the putative RNAdependent RNA polymerase (Koonin, 1991) were present. The highest sequence identity was observed to the putative RNAdependent RNA polymerase of RhPV, which showed 53 % identity to this region of the ALPV 5h ORF product. 
Capsid proteins
The second ORF (3h ORF), located in a different reading frame from the 5h ORF, starts at position 6808 and stops at position 9243 of the ALPV genome. The first AUG start codon in the 3h ORF is present 36 nt downstream of the start of the 3h ORF. However, on basis of sequence similarities of ALPV to the dicistroviruses and the presence of a CCU codon at position 6820, which is part of the aforementioned 5 nt inverted repeat, it is assumed that the beginning of the coding region is at position 6820, not at residue 6844. The 3h ORF encodes a polypeptide of 807 aa, corresponding to a molecular mass of 89n2 kDa. Amino acid sequence comparisons revealed that the ALPV 3h ORF product showed sequence similarity to the capsid proteins of the other members of the Dicistroviridae, Picornaviridae, Sequiviridae and Caliciviridae. The ALPV 3h ORF product respectively shared 38, 29 and 28 % sequence identity with the capsid protein sequences of RhPV, DCV and CrPV. This indicates that the three major capsid proteins of 34, 32, 31 kDa and the minor one of 40n8 kDa detected on polyacrylamide gels (Williamson et al., 1988) result from processing of the ALPV 3h ORF product. The structural protein of dicistroviruses, like picornaviruses (Palmenberg, 1990) , possesses specific cleavage sites that are recognized by the 3C-like protease. Published peptide sequences of cleavage sites determined by N-terminal sequencing of the capsid proteins of several dicistroviruses were aligned with the ALPV 3h ORF product. The putative cleavage sites at CP1\CP4 (analogous to VP4 of picornaviruses) (TAQ\VGT), CP4\CP2 (FGW\SKP) and CP2\CP3 (IAQ\VNV) were identified in the ALPV 3h ORF product at positions 241, 299 and 564, respectively (Fig.  4) , leading to proteins of 25, 32 and 28 kDa.
Relationships with other dicistroviruses
Phylogenetic analysis indicated that the deduced nonstructural (Fig. 5a) and structural (Fig. 5b) polyprotein sequences of ALPV were most closely related to those of RhPV, CrPV and DCV. These four viruses seem to belong to one cluster, while another cluster, grouping HiPV , TrV, PSIV and BQCV , appears to be more distantly related. TSV is quite distinct from the other members and forms a separate cluster.
Discussion
The molecular data and analysis of the ALPV genome show that this virus belongs to the recently recognized family Dicistroviridae (Mayo, 2002) . The ALPV genome is 9812 nt in length, excluding the poly(A) tail, and contains two ORFs. Because of the use of the RACE method, it can not be excluded that one or more additional G residues were present at the 5h terminus. The 5h ORF encodes the non-structural proteins and the 3h ORF encodes the structural polyprotein. It is noteworthy that the 3h-UTRs of ALPV and RhPV (591 and 495 nt, respectively) are significantly longer than the 3h-UTRs of the other dicistroviruses sequenced so far.
The IGR of the dicistroviruses forms stem-loop structures that act as an IRES in which the 3h-terminal stem-loop is part of a pseudoknot structure. This structure leads to the start of translation of the 3h ORF at a non-AUG codon (Sasaki & Nakashima, 2000) . Recently, it has been shown that ribosomes bind the IGR-IRES of CrPV directly at the pseudoknot, and do not require the complete set of initiation factors, suggesting a novel mechanism of initiation of translation (Wilson et al., 2000b) . The IGR of ALPV shows structural similarities to the IGRs of various dicistroviruses and harbours a 5 nt inverted repeat at the 3h part of the IGR that is conserved in these viruses. Moreover, amino acid sequence similarities between the putative 3h ORF product of ALPV and the 3h ORF product of the dicistroviruses were detected upstream of the first methionine present in the second ORF. Furthermore, ALPV, like other dicistroviruses, does not produce subgenomic RNA, as demonstrated when carrying out a Northern blot procedure using infected R. padi aphids and purified virus (data not shown). Therefore, it is concluded that the start of translation of the ALPV 3h ORF probably occurs at a non-AUG codon via a pseudoknot structure. Analysis of the 5h-UTR of ALPV revealed the presence of three stem-loop structures, which may also act as IRESs (data not shown). The 5h-UTRs of CrPV and RhPV have recently been shown to contain IRES elements that function in different in vitro translation systems (Wilson et al., 2000b ; Woolaway et al., 2001) in a manner similar to those of picornaviruses (Belsham & Brangwyn, 1990) .
Based on amino acid sequence similarities to known cleavage sites of dicistroviruses and by analogy with those of picornaviruses, three putative cleavage sites could be identified in the ALPV 3h ORF product, at residues 241 (TAQ\VGT), 299 (FGW\SKP) and 564 (IAQ\VNV). It is known that most cleavage reactions catalysed by the picornavirus 3C protease occur within a small subset of dipeptides comprising Q-G, -S, -T, -V, -A and -M (Hellen et al., 1989) . The putative cleavage sites of CP1\CP4 and CP2\CP3 of the ALPV 3h ORF product have the same dipeptide, Q-V, and the sequences flanking these sites are similar to each other. These residues surrounding the Q-V dipeptide might influence cleavage efficiency and are therefore conserved (Pallai et al., 1989) . While most of the cleavage sites of the picornaviruses harbour a proline residue in position 2 upstream of the cleavage junction (P2), an alanine residue seems to be prevalent at this position in dicistroviruses. Moreover, the prevalence of an alanine or other aliphatic residue at the P4 position has been shown in the cleavage site of picornaviruses (Nicklin et al., 1986) . The same observation could be made when the peptide sequences of cleavage sites of dicistroviruses were aligned. The putative cleavage site at CP4\CP2 occurs at a W-S dipeptide. By analogy with picornaviruses, it is suggested that the CP4\CP2 cleavage in dicistroviruses occurs after capsid formation (Sasaki et al., 1998) . This cleavage site is located inside the mature particle, as shown for CrPV (Tate et al., 1999) , and is therefore inaccessible to the viral proteases. In picornaviruses, the cleavage of VP0 into CP4 and CP2 probably results from the suitable juxtaposition of catalytic residues in the assembled particle (Basavappa et al., 1994) , and the same mechanism may occur in dicistroviruses. The cleavage site at CP4\CP2 (F-S, W-S or F-K) of ALPV and other dicistroviruses does not have the dipeptide preferred by 3C-like proteases, and the cleavage probably occurs catalytically.
The molecular masses of CP1, CP2 and CP3 calculated from the putative 3h ORF product (respectively 25, 32 and 28 kDa) are fairly consistent with the masses determined on SDS-PAGE (34, 32 and 31 kDa). However, the discrepancy between the values for the mass of CP1 (25 versus 31 kDa) could be attributed to post-translational modifications, as suggested for BQCV .
Sequence comparison showed that the putative nonstructural proteins and the putative capsid proteins of ALPV shared a high level of sequence similarity with RhPV, a member of the Dicistroviridae. RhPV is also a virus that infects small-grain aphids and was first purified from R. padi (D'Arcy et al., 1981) . Phylogenetic analysis suggested the presence of two major clusters among the dicistroviruses. One cluster contains ALPV, RhPV, DCV, CrPV and possibly ABPV, while the second cluster harbours PSIV, BQCV, TrV and HiPV. TSV seems to be more distantly related and forms a separate group.
Studies to date have shown that ALPV infects mainly aphids that infest small grains, such as S. graminum, M. dirhodum, Rhopalosiphum maidis and Diuraphis noxia (Williamson et al., 1988) . In our study, we have shown that ALPV can also infect a member of the family Aleyrodidae. The host range of dicistroviruses varies considerably depending on the virus. While CrPV has a broad host range and can infect species of different insect orders (Scotti et al., 1981) , RhPV infection is restricted to aphid species (D'Arcy et al., 1981) . To date, there are only a few reports of viruses that infect whiteflies. Costa et al. (1996) described the presence of virus-like particles approximately 30 nm in diameter in the mycetocytes of Bemisia tabaci. Recently, a DNA virus belonging to the family Iridoviridae was reported to infect B. tabaci (Hunter et al., 2001) . However, the pathogenicity of these viruses was not determined.
Whiteflies and aphids cause economic losses worldwide because of their feeding behaviour and their role as vectors of plant viruses. Therefore, control of these insect pests is needed. Current measures of control rely largely upon frequent applications of hazardous insecticides during the growing season. The extensive use of insecticides has led to widespread development of resistance in many aphid and whitefly species and this represents one of the major threats to the future success of chemical pest control. The development of nonchemical biological agents like insect viruses may lead to a significant reduction in the use of and dependence on insecticides. In this context, the potential of ALPV to infect species of both the families Aphididae and Aleyrodidae might open a window of opportunity for biological control of these insect pests.
